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ABSTRACT

Sustained unilateral hand clenching alters perceptual processing and affective/
motivational state, with these alterations presumed to reflect increased
hemispheric activity contralateral to the side of motor movement. However,
data from electroencephalographic and imaging studies are contradictory
regarding the relationship between sustained hand clenching and brain
activity. In order to investigate the relationship between brain activity,
sustained unilateral hand clenching, and changes in affect and perceptual
processing, frontal hemispheric activity was measured via functional nearinfrared spectroscopy (fNIRS), using derived O2Hb prior to, during, and postsustained unilateral hand clench. Participants’ mood and spatial perception
were recorded pre- and post-clenching. Sustained unilateral hand clenching
altered brain activity and mood, but not spatial perception. Results revealed
increased O2Hb bilaterally following sustained unilateral hand clenching,
relative to baseline, regardless of hand. In agreement with previous fNIRS
studies, sustained unilateral hand clenching resulted in greater ipsilateral,
compared with contralateral, O2Hb. An interaction between side of hand
clench and change in mood was in the direction predicted by theories of
hemispheric lateralization of emotion: Following left-hand clenching,
individuals became more affectively negative, and following right-hand
clenching, they became more affectively positive.
ARTICLE HISTORY Received 17 July 2016; Accepted 24 November 2016
KEYWORDS fNIRS; frontal cortex; emotion; hand clench

Sustained unilateral hand clenching alters perceptual processing and affective/motivational state, with these alterations presumed to reflect increased
hemispheric activity contralateral to the side of motor movement. By increasing the activity of one versus the other hemi-cortex, sustained unilateral hand
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clenching is thought to result in a processing bias toward the more activated,
contralateral hemisphere, and a concomitant change in behaviour (Baumann,
Kuhl, & Kazén, 2005; Beckmann, Gröpel, & Ehrlenspiel, 2013; Goldstein, Revivo,
Kreitler, & Metuki, 2010; Harlé & Sanfey, 2015; Harmon-Jones, 2006; Peterson,
Gravens, & Harmon-Jones, 2011; Peterson, Shackman, & Harmon-Jones, 2008;
Propper, McGraw, Brunyé, & Weiss, 2013; Schiff, Guirguis, Kenwood, & Herman,
1998; Schiff & Lamon, 1994; Schiff & Truchon, 1993).
Goldstein et al. (2010), using a common method for inducing sustained unilateral hand clenching, had participants clench either their right or left hand as
hard as possible for 45 s, followed by a resting period of 15 s, with this
sequence of clench-rest being repeated four times. Participants then performed a line bisection (LB) task, considered a measure of hemispheric activation and perceptual attention, and the Remote Associates Task (RAT,
Mednick, 1968). Sustained unilateral hand clenching of the left hand resulted
in increased leftward LB bias, suggesting increased right hemisphere activity.
Additionally, such clenching resulted in superior RAT performance, with this
effect suggested to reflect the increased access to the wider semantic
network of the right hemisphere.
Several studies have demonstrated changes in emotional state following
sustained unilateral hand clenching. Harlé and Sanfey (2015) reported
increased monetary offers, and decreased acceptance of unfair offers, in the
Ultimatum Game following right-, relative to left-hand contractions. These
results were interpreted as reflecting differential approach versus withdrawal
motivational states, respectively, resulting from asymmetric frontal hemispheric activation in response to the hand clenching manipulation. Schiff
and Lamon (1994) found that the emotional tone of stories was more negative
following left (right hemisphere activation), compared to right (left hemisphere activation), sustained unilateral hand clenching. Similarly, HarmonJones (2006) reported increased approach motivational affect following sustained right unilateral hand clenching (left hemisphere activation). The
effects of hand clenching on emotional/motivational state are in accord
with, and have been interpreted as fitting, theories of cerebral lateralization
of emotion/motivation, with the left hemisphere being approach/positive,
and the right hemisphere withdrawal/negative (e.g., Davidson, 2002, 2004;
Tomarken, Davidson, Wheeler, & Doss, 1992).
Despite the behavioural evidence suggesting that sustained unilateral
hand clenching alters contralateral cerebral function, thereby inducing a processing bias toward the contralateral hemisphere, the neural substrates
underlying changes in behaviour following sustained motor movements are
not clear. Electroencephalographic (EEG) studies of sustained unilateral
hand clenching seem to support the hypothesis that these motor movements
increase contralateral frontal hemispheric activity, as demonstrated by
decreased EEG alpha power in the contralateral hemisphere during clenching
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(e.g., Harmon-Jones, 2006; Peterson et al., 2008, 2011). However, examinations
of cortical activity using imaging techniques such as functional magnetic resonance imaging and functional near-infrared spectroscopy (fNIRS) demonstrate both contralateral and ipsilateral brain activity during or following
sustained unilateral hand motor movements (Derosière et al., 2014; Liu
et al., 2003; Shibuya, Kuboyama, & Tanaka, 2014; Shibuya, Sadamoto, Sato,
Moriyama, & Iwadate, 2008). For example, Shibuya et al. (2014) and Shibuya,
Sadamoto, et al. (2008), both using fNIRS, demonstrated activation of both
contralateral and ipsilateral motor areas during performance of sustained
unimanual (finger) force production. Derosière et al. (2014), using fNIRS, examined frontal cortical areas during a sustained unilateral handgrip task. At high
levels of force generation, the ipsilateral frontal lobe demonstrated greater
activation than that of the contralateral frontal lobe. Given that currently
used methods for generating contralateral hemispheric activity to induce
changes in behaviour require participants to clench their hands “as hard as
they can” for a sustained period of time (usually 45 s, repeated between 2
and 4 times), and given that stronger clenching is associated with increased
ipsilateral relative to contralateral frontal lobe activity (e.g., Derosière et al.,
2014), the relationship between changes in behaviour induced by sustained
unilateral hand clenching, and the neuronal processes responsible for such
changes following hand clenching, is unclear.
The purpose of the present study was to examine motor movementinduced changes in perception and affective/motivational state, and their
relationship to brain activity in the prefrontal cortex as measured via fNIRS.
LB was chosen because performance has previously been shown to change
following sustained unilateral hand clenching (e.g., Goldstein et al., 2010),
with left-hand clenching resulting in leftward bias, presumed to indicate
increased right hemisphere activity. Emotion was also assessed because
changes in mood following sustained unilateral hand clenching have also
been reported (e.g., Harlé & Sanfey, 2015; Harmon-Jones, 2006; Schiff &
Lamon, 1994). These emotional changes have been consistent with theories
of lateralization of emotional/motivation state (e.g., Davidson, 2002, 2004;
Tomarken et al., 1992), such that unilateral clenching of the left hand, presumed to activate the right hemisphere, results in negative or withdrawal
motivations, and unilateral clenching of the right hand, presumably via activation of the left hemisphere, results in positive or approach motivations
(e.g., Harlé & Sanfey, 2015; Harmon-Jones, 2006; Schiff & Lamon, 1994).
fNIRS was used to assess prefrontal cortical activity following sustained unilateral hand clenching, and the relationships among brain oxygenation, mood,
and LB performance were examined. Behaviourally, regarding specific
hypotheses, we predict replication of others’ research (e.g., Goldstein et al.,
2010) of increased leftward LB bias following left-hand clench, and increased
positive versus negative affect following right versus left-hand clench,
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respectively (e.g., Harlé & Sanfey, 2015; Harmon-Jones, 2006; Schiff & Lamon,
1994). Regarding fNIRS, research generally regarding the effects of unilateral
hand clenching on frontal activity is contradictory (see above for discussion),
and so here examination is primarily exploratory; however, given that the
behavioural research suggests increased contralateral versus ipsilateral prefrontal activity following unilateral hand clench, it might be predicted that
there will be increased contralateral prefrontal activity following unilateral
hand clench.
Because of the exploratory nature of the current study, we restricted our
sample to only moderate to strong right-handers, who exhibit lesser variability
in lateralization. As a result, this means that all our participants completed the
paper-and-pencil measures using their right hand. We acknowledge that this
motor activity might have unknown effects on the cortical activation induced
by the prior fist clenching; however, such effects would be common across all
participants, and it is expected that our procedure should still be sensitive to
relative changes in cortical activation.

Method
Participants
Participants were 39 male, undergraduate students at a mid-sized university,
who participated for research credit for their Psychology course. Participants
had normal or corrected-to-normal vision and hearing, had not been diagnosed with a mental illness or brain injury, were free from psychotropic medications, self-identified as right handed, and scored +65 or above (indicating
moderate to strong right handedness) on the Edinburgh Handedness Inventory (Oldfield, 1971). The research was approved by the Montclair State University IRB and the U.S. Army Human Research Protection Office.
Participants provided their written informed consent to participate in the
study. Due to a software failure, fNIRS data for one participant failed to be
recorded; this person was eliminated from analyses. We removed five individuals from analysis due to four or more fNIRS channels (25% of the channels in
the 16 channel system) failing to be maintained in the correct raw recording
range (see below) for the duration of the experiment (final N = 33; 18 left-hand
clench and 15 right-hand clench, see Procedure).

Materials
Instructions
All instructions were presented on a 23-inch Dell Inspiron computer screen via
SuperLab 5.0 (Cedrus Corporation). Cognitive Optical Brain Imaging Studio
(COBI; fNIR Devices, LLC, 2013) for fNIRS recording, and fNIRSoft (Ayaz,
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2010), for fNIRS extraction and analyses, software were run on a 17-inch Dell
Inspiron.

Functional near-infrared spectroscopy
fNIRS is a non-invasive imaging method that measures changes in blood oxygenation subserving cortical areas. fNIRS systems use configurations of lightemitting optodes and detectors to infuse at least two different frequencies of
light with near-infrared wavelengths into the superficial layers of the cortex.
The “scatter back” of the light that is received by the detectors enables determination of the relative change in oxygenated haemoglobin and de-oxygenated haemoglobin (O2Hb and dHb, respectively).
The fNIR400 system (Biopac Systems, Inc.) is a continuous-wave system
consisting of 16 channels made from a combination of 10 detectors and
4 optodes, with an optode-detector separation of 2.5 cm. Light from
optodes is emitted at the two frequencies of 850 and 730 nm, for detection
of O2Hb and dHb, respectively, and data were recorded via a 2 Hz sampling
rate. Using localization of head measurements in accord with the 10–20
System, the centre of the bottom of the sensor pad was placed at Fpz,
allowing for recording from the left and right dorsolateral prefrontal
cortex (Broadman’s areas 10, 46, 9, and 45). Regions for sensor placement
were chosen for a number of reasons. First, frontal areas are involved in
the affective approach/withdrawal processing we are interested in.
Second, in common with other behavioural methods of influencing hemispheric activation, such as bilateral eye movements (Lyle & Edlin, 2015),
fist clenching appears to work, at least in part, by engaging frontal-based
attentional networks via lateral orienting of attention. Third, HarmonJones (2006) reported that unilateral fist clenching was related to contralateral changes in frontal lobe activation. Finally, at a more pragmatic level,
fNIRS only records from areas of the scalp that do not have hair, as hair
blocks the infusion of near-infrared light into the cortex, preventing the
system from obtaining any information. Typically, fNIRS measures frontal,
or prefrontal cortex, for this reason (though certainly not always. For
additional information regarding the Biopac fNIRS system, including
images of sensor placement, see https://www.biopac.com/productcategory/research/fnir-optical-brain-imaging/).
To be included in subsequent analyses, raw signal levels must have been
maintained at greater than 400 mV and less than 4000 mV during the experiment, with LED current and gains adjusted via COBI (fNIR Devices, LLC, 2013).
COBI-derived O2Hb and dHb were calculated using the modified Beer–
Lambert law.
Others (e.g., Matsuda & Hiraki, 2006; Schaeffer et al., 2014; Shimoda,
Takeda, Imai, Kaneko, & Kato, 2008) have argued that O2Hb demonstrates
greater sensitivity to changes in cerebral blood flow (e.g., Hoshi, Kobayashi,
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& Tamura, 2001) and yields higher signal-to-noise ratio, than does dHb (Tian
et al., 2012). Thus, we focus on O2Hb here.
fNIRS does not measure absolute levels of O2Hb, but rather change in oxygenation relative to a baseline. Thus, data analysed are changes, relative to
system-derived baselines (e.g., COBI) in O2Hb. In order to enable analyses
comparing pre-clench, clench, and post-clench O2Hb, an additional baseline
was recorded (see Procedure). Thus, compared with COBI recorded baseline,
O2Hb was examined as a function of “task performance” consisting of 26–
28 s of resting baseline before sustained unilateral hand clench (Baseline),
30 s recorded during sustained unilateral hand clench (During-Clenching),
and 20 s of resting after sustained unilateral hand clench (Post-Clench; see
procedure for additional details). Note that because the Baseline condition
is behaviourally identical to the COBI-derived baseline, these scores are
close to zero.

Questionnaires
Participants completed the Brief Mood Introspection Scale (BMIS; Mayer &
Gaschke, 1988). This scale consists of 12 adjectives that describe affects
varying in valence. Participants, using a Likert scale from 1 to 4, self-assess
how well each adjective describes their current mood. Four emotion/
valence scales (happy, calm, sad, and nervous) were determined via the formulas Happy + Lively, Calm + Content, Sad + Gloomy, and Nervous + Jittery,
respectively.
LB consisted of 10 lines, ranging in length 7.4–3.8 cm. Participants were
asked to mark the centre of each line. Amount of deviation (in mm) left or
right of centre were averaged across lines, with deviations right of centre
scored positively (indicating increased left versus right hemisphere activity),
and deviations left of centre scored negatively (indicating increased right
versus left hemisphere activity). Participants completed the BMIS and LB
twice, with order of presentation counterbalanced between individuals.
Both BMIS and LB are short; we did not analyse length of time to completion,
however we estimate that combined, participants took approximately
between 120 and 300 s to complete these two forms.
Participants also completed the Edinburgh Handedness Inventory (EHI;
Oldfield, 1971). The EHI consists of 10 questions about hand dominance for
a variety of tasks, with participants instructed to indicate how often (always,
usually, and no preference) they prefer to use the left versus right hand for
each activity. Scores range from −100 (perfectly left handed) to +100 (perfectly right handed). Previous work from our lab indicates that typically completing this form takes between 100 and 180 s.
Hand clench stimuli
Hand clench stimuli consisted of two pink, 5 cm diameter rubber racquetballs.
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Procedure
Participants were tested individually. After reading and signing the consent
form, participants’ head measurements were taken and the fNIRS sensor
pad placed such that the bottom of the pad was located at Fpz. If necessary,
a wrap was placed around the head and sensor pad as well, to ensure the
stability of the sensor and to reduce ambient light.
BMIS and LB were completed (estimated time to completion range of 180–
300 s, though this is only an estimate based on other research paradigms
using these measures and the experience of the Researcher, as this information was not recorded), the order of which was counterbalanced (at
both Times 1 and 2). (Tympanic membrane temperature [TMT] of both ears
was also measured prior to questionnaire completion at both times. Discussion of TMT is beyond the scope of this research and will be discussed in a
future manuscript.) Lights were off for the duration of fNIRS recording. Participants held two rubber balls, one in each hand, gently, with hands resting
palm-up on each knee. Once the experimenter determined, via COBI (fNIR
Devices, LLC, 2013) signal verification, that raw signals were being appropriately recorded, Baseline condition was conducted, consisting of 40 s
wherein participants focused on an “X” on the centre of the computer
screen, while holding the balls gently (note that 10 s of baseline is the
COBI-generated condition with which other conditions are compared; thus
the remaining 30 s are the analysed Baseline condition). Following Baseline,
participants were instructed to clench either their left or right hand (counterbalanced between participants) in the sequence of 45 s clenching, 15 s rest,
45 s clenching, while focusing on an “X” on the centre of the computer
monitor. During the “Post-Clench” condition, participants were immediately
asked, following the final clenching, to stop clenching, resume holding the
balls gently, and to continue focusing on the “X” on the centre of the computer screen for the next 30 s. Next, the lights were turned back on, the balls
were collected by the experimenter, Time 2 BMIS and LB were measured,
and the EHI was completed.
One potential concern involves the duration of cortical effects induced by
the fist clenching manipulation. The post-clench behavioural measures were
collected a minute or more following cessation of clenching. Interestingly, a
related method of inducing changes in frontal lobe activation, engaging in
30 s of bilateral saccadic eye movements, has been shown to results in behavioural changes that last at least 3 min and up to 9 min (Shobe, Ross, & Fleck,
2009), suggesting that short periods of behavioural activity can induce longerterm changes in cortical activation. Additionally, the timing of the procedures
used here are identical to those of Harmon-Jones (2006), wherein two, not
four, sets of hand clench were found to induce changes in frontal EEG and
in emotional affect.
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Statistical analyses
O2Hb
Using fNIRSoft (Ayaz, 2010), O2Hb (measured in micromolars, µM) during the
26–28 s of Baseline (due to human variability, recording started between 2
and 4 s following COBI 10 s generated baseline), 30 s of the second hand
clench (“During-Clench” condition), and the final 20 s of the Post-Clench
period, was averaged as a function of Hemisphere and Condition. Data
were filtered using a finite impulse response filter (Ayaz, 2010), and Channels
1–8 (left hemisphere) and 9–16 (right hemisphere) were averaged, per person;
any channel that did not maintain parameters within the 400–4000 raw signal
range were not included in analyses. Additionally, only those participants with
no more than three out-of-range-channels were included (see Participants).
A 2 (Hand Clench Condition: Left versus Right) × 2 (Hemisphere: Left versus
Right) × 3 (Test Time: Baseline versus During-Clench versus Post-Clench)
mixed-ANOVA was conducted on O2Hb. Tests of simple effects were conducted on significant interactions.

BMIS and LB
Four emotion/valence scales (happy, calm, sad, and nervous) were determined using the BMIS, via the formulas Happy + Lively, Calm + Content, Sad
+ Gloomy, and Nervous + Jittery, respectively. Each scale was subject to a 2
(Hand Clench Condition: Left versus Right) × 2 (Test Time: Baseline versus
Post-Clench) ANOVA.
Regarding LB, deviation from the middle of each line to the nearest half
millimetre (right positive and left negative) was averaged across the 10
lines. A 2 (Hand Clench Condition: Left versus Right) × 2 (Test Time: Baseline
versus Post-Clench) mixed-ANOVA was conducted on these LB scores.

Correlations
Correlations between the dependent variables of O2Hb, BMIS, and LB were
also conducted.

Results
O2Hb
A main effect of Hemisphere (F(1, 31) = 5.42, p = .03) was modified by an interaction between Hemisphere and Hand Clench Condition (F(1, 31) = 37.61, p
< .0001), and an interaction between Hemisphere and Test Time (F(2, 62) =
6.52, p = .003), which were subsequently modified by an interaction
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between Hemisphere, Test Time, and Hand Clench Condition (F(2, 62) = 34.83,
p < .0001; Figures 1 and 2). Below, we describe comparisons of the components of these interactions.
In the right hemisphere, O2Hb did not change as a function of Hand Clench
Condition (p > .1), but did change as a function of Time (e.g., Baseline, DuringClench, and Post-Clench) F(2, 62) = 37.33, p < .0001. Examination of simple
effects revealed Baseline O2Hb was significantly decreased (regardless of
Hand Clench Condition) relative to During-Clench (paired t-test, t(32) = 7.48,
p < .0001) and Post-Clench (t(32) = 5.87, p < .0001), and that O2Hb declined significantly from During-Clench to Post-Clench (t(32) = 2.1, p = .04, see Figure 1).
In the left hemisphere, O2Hb main effects of Hand Clench Condition (F(1,
31) = 5.91, p = .02) and Time (F (2, 62) = 25.11, p < .0001) were modified by
an interaction between these variables (F(2, 62) = 3.34, p = .04, see Figure 2).
Analyses of simple effects revealed (i) no difference in Baseline left hemisphere O2Hb between right- and left-Hand Clench Conditions; (ii) DuringClenching, significantly (unpaired t-test t(31) = 2.02, p = .052) increased left
hemisphere O2Hb during left (X = 3.06, sd = 2.04) compared to right (X =
1.62, sd = 2.04) Hand Clench Condition; (iii) Post-Clench, significantly
(unpaired t-test t(31) = 2.55, p = .02) increased left hemisphere O2Hb during
left (X = 2.51, sd = 1.92) compared to right (X = 0.94, sd = 1.55) Hand Clench
Condition; (iv) significantly increased O2Hb from Baseline to During-Clench
in both left- and right-Hand Clench Condition (paired t-tests, Left-Hand
Clench t(17) = 5.70, p < .0001; Right-Hand Clench t(14) = 2.76, p = .02); (v)
increased O2Hb from Baseline to Post-Clench following the Left- (but not
Right-) Hand Clench Condition (t(17) = 4.98, p < .0001); significantly decreased

Figure 1. Right hemisphere O2Hb as a function of Time (Baseline versus During Clench
versus Post-Clench) and Hand Clench Condition (left versus right). The main effect of time
was significant, with O2Hb increasing following clenching with either hand During
Clench, then decreasing Post-Clench.
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Figure 2. Left hemisphere O2Hb as a function of time (Baseline versus During Clench
versus Post-Clench) and Hand Clench Condition (left versus right). During and PostClench, O2Hb was significantly greater following Left-Hand Clench, compared to RightHand Clench. Left-Hand Clench also increased O2Hb, relative to Baseline, During
Clench, and Post-Clench. Right-Hand Clench increased O2Hb During Clench, relative to
Baseline. Right-Hand Post-Clench O2Hb was decreased relative to O2Hb During Clench
and did not differ from Baseline.

Post-Clench, compared with During-Clench, O2Hb, following right-Hand
Clench Condition (t(14) = 2.13, p = .052), but no difference between PostClench and During-Clench O2Hb following the left-Hand Clench Condition
(see Figure 2).
Left-Hand Clenching was associated with significantly increased left hemisphere (X = 3.06, sd = 2.04), compared with right hemisphere (X = 2.45, sd =
1.80; t(17) = 3.70, p = .002), O2Hb During-Clenching, as well as during PostClench (Left Hemisphere X = 2.51, sd = 1.92; Right Hemisphere X = 2.12, sd =
1.96; t(17) = 3.19, p = .005). Conversely, Right-Hand Clenching was associated
with significantly decreased left hemisphere (X = 1.62, sd = 2.04), compared
with right hemisphere (X = 2.70, sd = 2.02) O2Hb During-Clenching (t(14) =
4.68, p = .0004), as well as Post-Clenching (left hemisphere X = 0.94, sd = 1.55;
right hemisphere X = 2.15, sd = 2.05; t(14) = 5.06, p < .0002, see Figure 3(a–d)).
Given the between-subjects variability associated with fNIRS (e.g., Strangman, Culver, Thompson, & Boas, 2002), an examination of O2Hb DuringClench and Post-Clench conditions, per participant, was conducted. As can
be seen in Table 1, the majority of participants (77.78–100%) demonstrated
greater ipsilateral hemispheric O2Hb During-Clenching and Post-Clench compared with greater contralateral O2Hb (12.12% for both During- and PostClench).
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Figure 3. fNIRSoft-derived frontal-view topograph of the Left-Hand Clench Condition,
with a 190 threshold for visualization, During Clench (a) and Post-Clench (b). “Warmer”
colours (i.e., red, orange, and yellow) denote increasing O2Hb. fNIRSoft-derived frontalview topograph of the Right-Hand Clench Condition, with a 190 threshold for visualization, During Clench (c) and Post-Clench (d). “Warmer” colours (i.e., red, orange, and
yellow) denote increasing O2Hb. To view this figure in colour, please see the online
version of this journal.

BMIS and LB
The two negative affective states (sad and nervous) both demonstrated interactions between Time and Hand Clench Condition. Individuals became more
sad from Baseline (X = 3.16, sd = 1.04) to Post-Clench (X = 3.67, sd = 1.24)
Table 1. Number (percentage) of individuals demonstrating increased ipsilateral and
contralateral O2Hb as a function of Hand Clench Condition During- and Post-Clench.
Number (%) individuals with greater
ipsilateral versus contralateral O2Hb
Hand Clench Condition
During-Clench
Post-Clench

Left
Right
Left
Right

Ipsilateral
15/18 (83.33%)
14/15 (93.33%)
14/18 (77.78%)
15/15 (100%)

Contralateral
3/18
1/15
4/18
0/15

(16.67%)
(6.67%)
(22.22%)
(0.00%)
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following Left-Hand Clench (interaction F(1, 31) = 8.55, p = .006; paired t(17) =
2.30, p = .03), and less sad from Baseline (X = 2.87, sd = 1.12) to Post-Clench (X
= 2.60, sd = 1.06) following Right-Hand Clench (t(14)−2.26, p = .04). Additionally, Post-Clench, individuals who clenched with their left hand were significantly more sad than individuals who had clenched with their right hand
(unpaired t-test, t(31) = 2.63, p = .013). The interaction for nervous was also significant, and in the same direction (F(1, 31) = 4.36, p = .05), but simple effects
were not significant (paired t-tests, p > .1); however, individuals who clenched
with their left hand were more nervous Post-Clench (X = 3.67, sd = 1.03) compared with people who clenched with their right hand (X = 2.73, sd = .96;
unpaired t-test t(31) = 2.67, p = .01). Although both positive emotional/motivational states (Happy and Calm) were in the predicted direction, such that
individuals became more positive Post-Clench following right versus lefthand clenching, these effects were not significant (p > .1). Finally, regardless
of hand clench, individuals became significantly less calm Post-Clench
(main effect F(1, 31) = 10.59, p = .002; X = 5.97, sd = 1.36) compared with Baseline (X = 6.58, sd = 1.23).
LB did not demonstrate any main effects or interactions (see Tables 2 and 3
for means and standard deviations as a function of Hand Clench Condition
and Time for BMIS and LB scores).

Correlations
Following right-hand clenching, decreasing nervousness was significantly correlated with increasing rightward (left hemisphere activity) LB (r = −.55, p = .03).
Collapsing across Hand Clench Condition revealed that left hemisphere
O2Hb During-Clench was positively associated with Time 2 Nervousness
(r = .34, p = .05). Post-clench rightward bias in LB was positively and significantly associated with Time 2 Happiness (r = .38, p = .03). No other relationships
were significant.

Discussion
The current results support previous research demonstrating an effect of sustained unilateral hand clenching on affective/motivational state, and offer
some possible mechanisms underlying the effects. Sustained unilateral hand
clenching altered brain activity and mood. The findings that ipsilateral hemispheric O2Hb was greater than contralateral hemispheric O2Hb following
either hand clenching condition, both During- and Post-Clenching, is consistent with previous research (e.g., Derosière et al., 2014; Liu et al., 2003;
Shibuya et al., 2014). Derosière et al., reported greater ipsilateral prefrontal
activity during higher levels of maximal voluntary contractions (MVC; 50% of
MVC) in a unilateral hand clenching (gripping a hand dynamometer) task.

BMIS emotion
Happy
Hand Clench Condition
Right hand
Left hand

Sad

Calm

Nervous

Baseline

Post-Clench

Baseline

Post-Clench

Baseline

Post-Clench

Baseline

Post-Clench

5.83 (1.72)
6.07 (1.16)

5.80 (1.37)
5.67 (1.72)

2.87 (1.12)
3.17 (1.04)

2.60 (1.06)
3.67 (1.24)

6.93 (0.59)
6.28 (1.53)

6.27 (1.03)
5.72 (1.56)

3.00 (1.51)
3.33 (0.97)

2.73 (0.96)
3.67 (1.03)
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Table 3. Mean (millimetres) and (sd) scores for LB as a function of Hand Clench Condition
and Time.
Time
Hand Clench Condition
Right Hand
Left Hand

Baseline

Post-Clench

0.05 (0.72)
0.18 (0.78)

−0.13 (1.02)
0.34 (0.90)

The recruitment of the ipsilateral right hemisphere was argued to reflect the
increased attentional requirements of the task at high levels of MVC.
However, because only right-hand grip was investigated, increased ipsilateral
activity could only be within the right hemisphere; thus, this explanation is
not necessarily a full account of ipsilateral prefrontal activity during forceful
hand grip.
Alternatively, Shibuya et al. (2014) proposed that ipsilateral activity in
response to finger force generation reflects decline of contralateral hemispheric force generation (in primary motor cortex) following sustained
motor movements, with ipsilateral activity “taking over” for this loss of contralateral control. Such a mechanism implies interhemispheric interaction as an
important aspect of unimanual motor movements during sustained force,
and is bolstered by findings demonstrating increasing ipsilateral prefrontal
activity as a function of increasing force generation in a unimanual hand
grip task (Liu et al., 2003).
Given the nature of the task used in the present study, it is possible that
increased ipsilateral activity reflects loss of contralateral force generation
ability as a result of fatigue, with ipsilateral activation a means of using transcallosal pathways to compensate (e.g., Tanaka & Watanabe, 2011). Fatigue
measures were not examined here; future research could directly test this
hypothesis by examining electromyogram (EMG) or hand dynamometer
recording during and immediately post hand clenching. Future work could
also explore the effects of variations in clench effort: Perhaps the “standard”
pattern of contralateral activation is restricted to more moderate amounts
of hand contraction. Another complicating factor here is that not all motor
activities are equivalent when it comes to contralateral cortical activity:
Horie et al. (2005) reported that electrophysiological measures of somatosensory cortex yielded increased activity during exploratory movements but
decreased activity after fist clenching. Future work should also consider comparing fist clenching to other manual activities. Also, it should be acknowledged that participants used their right for the paper-and-pencil measures,
which may have modulated the cortical activation induced by the fist clenching. Such activity may have decreased the likelihood of finding effects of hand
clench per se on behaviour and brain activity; interestingly, it should be noted
that many of the studies discussed in the introduction also examined similar
measures using materials requiring writing by participants, with participants
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being right handed. Thus, given the burgeoning literature demonstrating
effects of unilateral hand clenching on behaviour, emotion, perception, and
cognition using paper-and-pencil measures, future research should consider
using dependent measures not requiring lateralized responding to disentangle any effects of hand usage during tests of dependent variables versus those
occurring in response to the actual hand clenching manipulation.
It is difficult to reconcile decreased contralateral versus ipsilateral O2Hb
found here with previous findings of decreased contralateral frontal EEG
alpha power (i.e., increased contralateral activity) in response to almost identical clenching (e.g., Harmon-Jones, 2006; Peterson et al., 2008, 2011). Recent
work using simultaneous EEG and fNIRS recording has demonstrated that
preparation for future movements results in a correlation between O2Hb
and EEG signals in the hemisphere contralateral to the side of the intended
future movement (Zama & Shimada, 2015). Interestingly, although the ipsilateral hemisphere also demonstrated increased activity, no such correlation
with EEG was detected. How such findings may map onto EEG–fNIRS relationship during and following sustained hand clenching is not clear, but future
studies simultaneously measuring EEG and fNIRS could investigate this conflict. At the very least, it is evident that EEG and fNIRS are not simple
proxies for one another when it comes to measuring cortical activation, as
there is contradiction in the literature regarding the relationship between
the hemodynamic response as measured via fNIRS versus EEG-measured
brain activity (e.g., Koch, Steinbrink, Villringer, & Obrig, 2006).
There were no effects of hand clenched or time on LB performance. LB was
chosen because it has demonstrated change as a function of hand clench condition in previous research (Goldstein et al., 2010). It is interesting to note that
Goldstein et al. used a slightly different version of the task, using two long
lines of equal length, rather than the shorter, multiple line system used
here. Benwell, Harvey, and Thut (2014) reported that the length of lines in
LB tasks influences not only spatial bias, but also brain activity. It may be
that small variations in task requirements eliminate or reduce any effects of
hand clenching on brain activity as measured by LB. Future research should
consider using the Chimeric Faces Task as a more robust measure of perceptual bias and hemispheric activation (Levy, Heller, Banich, & Burton, 1983).
The BMIS yielded a number of effects consistent with theories of hemispheric lateralization of affective/motivational state (e.g., Davidson, 2002,
2004; Tomarken et al., 1992). Left-hand clenching led to increased sad and
nervous mood, while right-hand clenching led to decreased sad mood.
There were also trends towards increased positive mood after right-hand
clenching. These findings are consistent with research demonstrating
changes in mood as a function of side of hand clench (e.g., Harlé & Sanfey,
2015; Harmon-Jones, 2006; Schiff & Lamon, 1994), as well as with Davidson’s
model of left versus right hemisphere control of approach- versus withdrawal-
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related emotions, respectively (Davidson, 2004). Relatedly, increasing rightward LB bias was associated with decreased negative, and increased positive,
affect, particularly following right-hand clenching, though it should be noted
that with the large number of correlations examined, and a Bonferroni correction of .01, these results do not reach significance. However, given that they
are in the direction predicted by theories of hemispheric lateralization of
emotion, and with previous research, they are worth considering as possibly
non-spurious and deserving of further investigation. Taken together, these
results are in agreement with theories of the relationship between LB, affective/motivational state, and lateralization of affective/motivational state (He
et al., 2010; Nash, Mcgregor, & Inzlicht, 2010). That these findings replicate previous work examining the effects of hand clenching on emotion, and relationships between mood and LB, offers support that the methods used here were
effective.
The only association between O2Hb and any behavioural measure was the
finding that increasing O2Hb in the left hemisphere was associated with
increasing nervousness immediately following hand clenching (regardless
of hand clench condition). It is possible that the prefrontal activity seen
here is inhibitory; if increased ipsilateral, relative to contralateral, O2Hb
occurs prefrontally following sustained unilateral hand clenching, it is possible
that this ipsilateral activity is inhibitory of lateralized emotional and cognitive
processes, giving rise to the lateralization effects discussed in the introduction.
Again however, given the large number of correlations examined, and in this
case a Bonferroni correction of .005, it is possible that this finding is spurious.
Relatedly, the “inhibition” explanation does not account for the almost complete lack of any relationship between O2Hb and any measure of behaviour
other than hand clenching. More likely given the lack of correlations
between fNIRS measures and BMIS, may be that variability in BMIS scores
was not great enough to demonstrate relationships with O2Hb. Future
research could use a different emotion scale, such as the Profile of Mood
States, to investigate this issue.
It is worth pointing out that for right hemisphere O2Hb, there was an
increase in O2Hb, relative to baseline, for both left- and right-hand clenching
conditions; during the post-clench time, O2Hb levels in the right hemisphere
did show a reduction, although not back to baseline levels. Left hemisphere
O2Hb also showed an increase after both left- and right-hand clenching;
however, the post-clench measurements demonstrated that, in the lefthand clench condition, left hemisphere O2Hb remained as high During- as
in Post-Clench, while after right-hand clenching, left hemisphere O2Hb fell
back to baseline levels post-clench. Given that participants were right
handed, it is possible that these findings could be the result of at least
several possibilities: (a) differential hemispheric organization for motor movements in the prefrontal cortex in right-handers; (b) differences between right
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and left hands in clenching strength/ability/effort in right-handers or; (c)
differences between right and left hands in time-to-fatigue. Again, future
work examining EMG and/or hand grip strength directly could help to disentangle these possible explanations.

Conclusions
In sum, sustained unilateral hand clenching alters hemispheric activity as well
as affective/motivational state. The underlying relationships between brain
activity and mood remain in need of additional investigations. Future research
can further examine these relationships by including EEG in fNIRS studies,
comparing effects of hand clenching with other types of hand/body movements, using longer or more robust mood assessment scales, and incorporating EMG and hand dynamometer measures in investigations.
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